Italian developmental dyslexic readers show a striking length effect and have been hypothesised to rely mostly on nonlexical reading. Our experiments tested this hypothesis by assessing whether or not the defi cit underlying dyslexia is specifi c to lexical reading. The effects of lexicality, word frequency and length were investigated in the same group of children in four separate experiments. Although dyslexics were slower and less accurate than skilled readers and had large length effects, they showed lexicality and word frequency effects in both reading aloud and lexical decision. In a cross-experiment comparison, we show that a single global factor explains a large proportion of the difference in reading performance between dyslexic and skilled readers. This factor may indicate a defi cit at a prelexical level of analysis. Lexical activation seemed spared in the dyslexic children based on the effects of lexicality and frequency. These fi ndings contrast the hypothesis that Italian dyslexics primarily engage in nonlexical reading.
Empirical evidence seems to support the characterisation in terms of surface dyslexia. Italian dyslexics' reading is slow (Tressoldi, Stella & Faggella, 2001; Zoccolotti et al., 1999) and markedly affected by stimulus length Spinelli et al., 2005; Zoccolotti et al., 2005) for both words and nonwords (Brizzolara et al., 2006; Judica et al., 2002; Zoccolotti, De Luca, Judica & Spinelli, 2008) . Similar results have been reported for other transparent scripts, such as German (Ziegler, Perry, Ma-Wyatt, Ladner & Schulte-Korne, 2003) . Italian dyslexics are also impaired in pseudohomophonic contrasts, that is, in discriminating the meaning of word strings such as 'lago' ('lake') and 'l'ago' ('the needle') Zoccolotti et al., 1999) . Eye-movement studies have yielded consistent results: compared to typically developing readers, developmental dyslexics have a slow reading pattern with numerous and longlasting fi xations that increase as a function of word length during the reading of passages and lists of words and nonwords (De Luca, Borelli, Judica, Spinelli & Zoccolotti, 2002) .
The idea that Italian dyslexic children rely predominantly on nonlexical grapheme-tophoneme correspondences has received partial support, but a thorough account of lexical activation is lacking. The purpose of this study was to challenge the hypothesis that the main defi cit underlying developmental dyslexia in Italian is specifi c to lexical reading and results in predominant reliance on nonlexical reading. To this end, the effects of lexicality (i.e. the advantage of words over nonwords) and word frequency (i.e. the advantage of high-frequency [HF] words over low-frequency [LF] words) were investigated for the fi rst time in both reading aloud and lexical decision in the same population of dyslexic and skilled children.
A visual-lexical decision task (i.e. in which participants had to decide whether the presented stimulus was a word) was used to assess lexical knowledge and organisation of the lexicon in both skilled and dyslexic readers. If Italian dyslexics are selectively impaired in accessing the orthographic lexicon, they should be impaired in lexical decision.
With respect to the lexicality effect, Zoccolotti et al. (2008) found that dyslexics' naming times (reaction time, RTs) were affected more than those of controls by both lexicality and stimulus length. However, Faust, Balota, Spieler and Ferraro (1999) noted that differences in condition effects between two groups varying for general processing ability are infl uenced by an over-additive effect, that is, larger differences are present in slower individuals over and above the specifi c effect of the experimental manipulations. Faust et al. (1999) proposed the rate-amount model (RAM) to assess global and specifi c components of group differences in performance. Using this model, the appropriate data transformations can be performed to control for the over-additive effect. In fact, when this model was used, dyslexics' greater lexicality effect vanished, indicating that it was due to their overall slowness . By contrast, the length effect remained more marked in dyslexics than controls.
In the present study (Experiment 1: reading aloud), lexicality was varied with word frequency to investigate whether nonwords are read slower and less accurately not only than HF but also than LF words. This issue has never been investigated in Italian skilled and dyslexic readers. Skilled readers, similar to adult Italian readers (see Pagliuca, Arduino, Barca & Burani, 2008) , are expected to show the lexicality effect for both HF and LF words if their main reading strategy is lexical and not serial decoding based on graphemeto-phoneme correspondences. If dyslexics rely heavily on nonlexical reading, they should read words and nonwords in a similar fashion with smaller differences between words and nonwords compared with skilled readers. Possibly, and also considering that the nonwords employed in our study were matched with words according to several psycholinguistic variables and were quite word-like, dyslexics, because of their limited lexical knowledge with respect to skilled readers, may show a processing advantage only for HF words, for which lexical representations may not be readily available.
The advantage of words over nonwords was investigated in lexical decision (Experiment 2: lexical decision) -as well as in reading aloud -in the same group of dyslexic and skilled children. We focused on the effect of stimulus type (word or nonword) on the performance (decision times) of dyslexic and skilled readers as a function of frequency (high or low). In previous research, the difference in decision times between words and nonwords and the length effect were larger for dyslexics than controls (Di Filippo, De Luca, Judica, Spinelli & Zoccolotti, 2006) . However, when the over-additive effect (Faust et al., 1999) was partialled out, only the length effect was critical and differentiated the performance of dyslexics and controls . Therefore, dyslexics, similarly to skilled readers, should make faster decisions on words (at least HF ones) than nonwords.
The word frequency effect on reading aloud has been reported for Italian adult (Barca, Burani & Arduino, 2002; Bates, Burani, D'Amico & Barca, 2001; Burani, Arduino & Burani, 2007; Burani, Barca & Ellis, 2006; Colombo, 1992; Colombo, Pasini & Balota, 2006) , typically developing (Barca, Ellis & Burani, 2007; Burani, Marcolini & Stella, 2002) and developmental dyslexic readers (Barca, Burani, Di Filippo & Zoccolotti, 2006; . When Barca et al. (2006) studied the interaction between the word frequency and the rule contextuality effect (i.e. words with simple graphemes are read better than words with context-dependent graphemes) a greater frequency effect was found for dyslexics than controls (see also Ziegler, Perry, Ma-Wyatt, Ladner & Schulte-Korne, 2003) , possibly due to an over-additive effect.
In Experiments 3 and 4 of the present study, length was varied orthogonally with word frequency, a novel manipulation for studying Italian dyslexic children. Word frequency was expected to affect both typically developing and dyslexic readers, with HF words read faster and more accurately than LF words. Regarding the possible interaction between length and frequency, skilled young readers may be expected to show the usual length ϫ frequency interaction, with greater length effect in the case of lower-frequency words (Coltheart, Rastle, Perry, Langdon & Ziegler, 2001) . By contrast, if developmental dyslexics rely predominantly on nonlexical reading, they should show a marked length effect irrespective of word frequency.
The effects of frequency and length were also investigated in lexical decision in Italian typically developing and -for the fi rst time -dyslexic readers. Effects of word frequency on lexical decision have been demonstrated in Italian children in third through fi fth grade . Thus, in the present study, similar results were expected for typically developing readers. The presence of the word-frequency effect in the dyslexic group should indicate similar activation of the input orthographic lexicon in dyslexics and unimpaired readers. Regarding the length effect, reports indicate that developmental dyslexics are more likely than skilled readers to show length effects in lexical decision and that this could be associated with diffi culties in visual-attentional processing (Juphard, Carbonnel & Valdois, 2004) . According to the latter authors, dyslexic readers have a limited visualattention span with respect to unimpaired readers. That is, dyslexic readers are limited in the number of distinct visual elements they can process simultaneously in a multi-element array. This view is supported by the predictions of the connectionist multitrace memory model for reading aloud and visual word recognition (Ans, Carbonnel & Valdois, 1998) .
Word frequency and length effects have been reported separately on lexical decision times for skilled readers . Skilled children should show both frequency and length effects, possibly with greater length effect in the case of lower-frequency words. In lexical decision, dyslexics seem to be greatly affected by length . Consequently, the effect of length may be present independently of word frequency. The effect of frequency in dyslexic children should indicate similar lexical activation in both dyslexic and skilled children.
Four experiments with timed presentation of singly displayed stimuli are reported. Experiments 1 (reading aloud) and 2 (lexical decision) tested the effects of lexicality and word frequency. Experiments 3 (reading aloud) and 4 (lexical decision) examined the interaction between word frequency and stimulus length. To compare the infl uence of these factors, we examined the same group of dyslexics and typically developing readers across all experiments. Because of this general design and the need to control the stimuli for a series of psycholinguistic variables (see Materials), we had to repeatedly present some of the word stimuli. The effect of stimulus repetition was controlled by counterbalancing across subjects the sequence of the two pairs of experiments (1 and 2; 3 and 4) that shared some of the word stimuli. In the statistical analyses, we were particularly interested in the interactions of the lexical effects (lexicality and frequency) with the group factor; therefore, the over-additive effect was taken into account using data transformations, as proposed by Faust et al. (1999) . Finally, according to the framework of the RAM (Faust et al., 1999) , all data were analysed in a cross-experiment comparison to detect the presence of global components contributing to group differences in performance between dyslexic and skilled readers.
Experiment 1: Lexicality in reading aloud
The purpose of this experiment was to investigate the lexicality effect in dyslexic and typically developing readers. We also assessed the effect of word frequency and its interaction with lexicality.
Method

Participants
We recruited 17 dyslexics (8 girls and 9 boys) with a mean age of 11.7 (standard deviation [SD] 0.3) and 17 typically developing readers (8 girls and 9 boys) with a mean of 11.6 years, SD 0.4) to participate in all four experiments.
Criteria for inclusion in the dyslexic group were scores at least two SDs below the norm for either speed or accuracy on a standardised reading test (MT Reading test, Cornoldi & Colpo, 1995) . This disjunctive criterion was adopted because it has been shown that children with reading disabilities may strategically modify their ability to read faster (at the expense of accuracy) or more accurately (at the expense of speed; Hendriks & Kolk, 1997) . In this test, the child reads aloud a passage of text with a 4-minute time limit; speed (s per syllable) and accuracy (number of errors, adjusted for the amount of text read) are scored. A comprehension subtest was also given (but not used as part of the selection criteria) in which the participant read a second passage silently, with no time limit, and then responded to 10 multiple-choice questions. Mean scores for the two groups of participants for reading speed, accuracy and comprehension are presented in Table 1 both as absolute values and z scores compared with normative values (Cornoldi & Colpo, 1995) .
Of the 17 dyslexic children, three were below the cut-off for both speed and accuracy and 14 for accuracy only. Reading accuracy was generally more compromised than reading speed. Nevertheless, the dyslexics' mean impairment in reading speed was substantial, indicating they were about 80% slower than typically developing readers. This difference in speed was comparable to that reported in previous studies (e.g. the delay was 80% in both De Luca, Zoccolotti, 2009) . Comprehension was poorer in dyslexic than skilled readers; notably, the effect was smaller than for accuracy and speed, a common fi nding in Italian dyslexic children .
Nonverbal IQ levels were assessed on the basis of the participants' scores on Raven's Coloured Progressive Matrices. The performance of all children was well within the normal range, according to Italian normative data (Pruneti, 1985) . All participants had normal or corrected to normal visual acuity. The two groups were matched for chronological age, sex and nonverbal IQ levels. Summary statistics for the two groups of participants are presented in Table 1 .
Materials
The experimental list consisted of 48 words and 48 nonwords (a total of 96 items). The word list was composed of 24 HF and 24 LF words, all of which were stressed on the fi rst syllable. They were selected from the LEXVAR database (Barca et al., 2002) , available at http://www.istc.cnr.it/material/database. The nonword list was composed of 24 items derived from the HF words and 24 items derived from the LF words by changing one (or two) letter(s). All stimuli were disyllabic and four to six letters long. The four types of stimuli were matched for length in letters, bigram frequency, number of orthographic (word) neighbours (N-size), summed neighbours' frequency, number of geminates and diphthongs and two initial phonemes. All stimuli were orthographically simple and contained letters with one-to-one grapheme-to-phoneme correspondence (i.e. stimuli did not include the letters c and g, whose pronunciation is complex because it depends on the following letters; Burani et al., 2006) . The list of words and nonwords was adopted from Pagliuca et al. (2008) . The characteristics of the stimuli are reported in Table 2 . 
Procedure
The stimuli appeared on the computer screen after the appearance of a fi xation point, which was displayed for 500 ms and disappeared at the onset of the stimulus pronunciation or after a maximum of 6,000 ms. The inter-stimulus interval was 1,000 ms. The 96 experimental items were presented in four blocks of 24 trials each. Within each block, words were interspersed with nonwords in randomised order. Presentation order was randomised both within and between blocks. A short pause followed each block. There was a practice block of 10 trials: fi ve words and fi ve nonwords, other than the experimental items. The practice items had the same characteristics as the experimental items. They were presented in random order.
The children were tested individually in a quiet room at their school. They were instructed to read aloud the letter strings that appeared on the computer screen as fast and accurately as possible. Responses were recorded by a microphone connected to a voice-key. Naming RTs were measured in milliseconds (ms) using the E-Prime software. There was an interval of at least 10 days between the experimental sessions of Experiments 1 and 2 that shared the same stimuli. Half of the participants were fi rst tested on reading aloud and half on lexical decision.
Data analysis
It has been established that standard parametric analyses based on raw scores of groups that vary greatly for general levels of performance (such as young people vs elderly) may yield spurious interactions between group and experimental factors (Faust et al., 1999) . In particular, there may be over-additive interactions, that is, larger effects for the group showing larger values. In the case of RTs, this indicates that the slower group will show larger effects for more diffi cult conditions independently of the characteristics of the experimental manipulations. Various models have been proposed to interpret and control for these effects; here we refer to the RAM model (Faust et al., 1999) .
We found that the dyslexic group was much slower across all conditions of all four experiments than the control group. Consequently, it seemed appropriate to introduce one of the data transformations proposed by Faust et al. (1999) to control for over-additive effects in the presence of large intergroup differences: individually based z-score transformation. We obtained z scores by taking each individual's RTs (only on correct responses), subtracting the overall mean averaged across all trials and dividing it by their SD. To obtain more reliable estimates of general individual performance (and therefore of the z scores), we carried out a single data transformation spanning all dependent measures derived from the four experiments. Z scores indicate an individual participant's performance on a given trial relative to all of his/her other trials. Since the grand average of each participant (and therefore of each group) is zero, in all z-score analyses the main effect of group tends to be negligible. However, it is not necessarily zero because the analysis of each experiment is based on the subset of the data used for the normalisation (these residual group effects will be presented in the cross-experiment comparison at the end of the paper).
To examine the effect of the experimental variables (frequency and lexicality), the ztransformed values were submitted to the Linear Mixed Effects Model, which is a robust analysis that allows controlling for the variability of items and subjects (Baayen, Tweedie & Schreuder, 2002) . This analysis prevents the potential lack of power of the by-subject and by-item analyses and limits the loss of information due to the prior averaging of the by-item and by-subject analyses (Baayen et al., 2002; Brysbaert, 2007) . Analyses were carried out using the SPSS package (see Brysbaert, 2007) . Participants and items were crossed independent random effects. Fixed effects varied in different analyses. Two analyses were conducted with group (dyslexics vs controls) and lexicality (words vs nonwords) as fi xed factors, separately for HF words (and corresponding nonwords) and LF words (and corresponding nonwords). A separate analysis was carried out with group (dyslexics vs controls) and frequency (HF vs LF words) as fi xed effect. As Experiments 1 and 2 (which used the same stimulus set) were randomised across participants, children might have seen a given word fi rst in reading and second in lexical decision (or vice versa). To control for the effect of repetition, the number of stimulus presentations was entered as a covariate in all analyses. Bonferroni post hoc comparisons were used to decompose signifi cant interactions.
Note that the RAM applies to open scales (such as time), not to closed scales (such as accuracy). Consequently, z-scores analyses were carried out on RTs only. Both z-scores and raw RTs are illustrated in the Figures to allow for an inspective grasp of the main results.
Accuracy on each item (in binary form: 0 ϭ error; 1 ϭ correct response) was analysed through a generalised linear mixed model fi t by the Laplace approximation (see Wolfi nger, 1993) . Random and fi xed factors were the same as those for the analyses on z-transformed RTs. Stimulus repetition was also entered as a random effect in these analyses. Note that these analyses are effective in controlling for the variability of items and participants; however, they do not compensate for absolute differences in performance between the two groups and, therefore, are sensitive to over-additive effects. Therefore, the group by condition interactions must be interpreted with caution. Nevertheless, these analyses can be informative about the possible presence of trade-off effects in performance between speed and accuracy.
This general model of data analysis was maintained across the four experiments. We will, however, specify each time which fi xed factors were considered in the analyses.
Results
Invalid trials due to technical failures or responses that exceeded the time limit accounted for 3.3% and 4.9% of responses of profi cient readers and dyslexics, respectively, and were discarded from the analyses. Main results are presented in Figures 1a (raw RTs), 1b (z scores) and 1c (percentages of errors). 
Reaction times
The Mixed Effects Model analysis on z-transformed RTs for HF words showed a main signifi cant effect of lexicality, F (1, 51) ϭ 12.05, p Ͻ .001. The effect of group was marginally signifi cant, F (1, 32) ϭ 3.83, p ϭ .057. The group by lexicality interaction was not signifi cant, F (1, 1416) Ͻ 1, p ϭ .35. The effect of stimulus repetition was signifi cant, F (1, 173) ϭ 5.15, p Ͻ .05.
The Mixed Effect Model analysis on LF words showed a marginally signifi cant main effect of lexicality, F (1, 48) ϭ 3.80, p ϭ .057. The effect of group, F (1, 31) ϭ 1.71, p ϭ .22 and the group by lexicality interaction, F (1, 1362) Ͻ 1, p ϭ .71 were not signifi cant. The effect of stimulus repetition was not signifi cant, F (1, 166) ϭ 1.92, p ϭ .16.
The analysis comparing HF and LF words showed a main effect of frequency, F (1, 44) ϭ 14.79, p Ͻ .001. The effect of group, F (1, 32) ϭ 3.22, p ϭ .08 and the group by frequency interaction were not signifi cant, F (1, 1452) ϭ 1.23, p ϭ .26. The effect of stimulus repetition was signifi cant, F (1, 115) ϭ 4.75, p Ͻ .05.
Errors
The Mixed Effects Model on HF words (and derived nonwords) showed the effect of group (z ϭ Ϫ4.51, p Ͻ .0001). The effect of lexicality fell short of signifi cance (z ϭ 1.75, p ϭ .08). The interaction between group and lexicality was not signifi cant (z ϭ 1.49, p ϭ .14).
The analysis of LF words (and derived nonwords) showed main effects of lexicality (z ϭ 2.51, p ϭ .01) and group (z ϭ Ϫ4.20, p Ͻ .0001). The interaction between group and lexicality was not signifi cant (z ϭ 0.56, p ϭ .57).
The analysis comparing HF and LF words showed no effect of frequency (z ϭ Ϫ0.89, p ϭ .37) or group (z ϭ Ϫ0.37, p ϭ .71). The interaction between group and frequency was not signifi cant (z ϭ Ϫ0.86, p ϭ .39).
Summary of results
Both groups read HF words faster than nonwords, in agreement with previous fi ndings in profi cient adult readers (Pagliuca et al., 2008) . The effect of word frequency affected both dyslexics' and skilled readers' naming latencies but not accuracy. Notably, the effects of lexicality and frequency did not interact with the group factor, indicating similar effects in the two groups of children.
Experiment 2: The advantage of words over nonwords in lexical decision
The aim of this experiment was to investigate the advantage of words over nonwords in terms of decision times. It has been shown that dyslexics make faster decisions on words than nonwords . Nevertheless, whether this difference holds for both HF and LF words has never been investigated in young readers. Both HF and LF words should be decided on faster and more accurately than (word-like) nonwords by skilled and dyslexic readers, if both groups of readers have unimpaired access to a suffi ciently large orthographic lexicon. Comparisons between decisions on HF and LF words are also reported.
Method
Materials
The materials were the same as in Experiment 1.
Procedure
The stimuli appeared after participants had fi xated a point in the centre of the screen for 500 ms. The stimuli remained on the screen until the participant pressed one of the two keys or after a maximum of 6,000 ms. The inter-stimulus interval was 1,000 ms. The stimuli were presented in four blocks of 24 trials each. A practice block consisted of 10 stimuli (different from the experimental items): fi ve words and fi ve nonwords. The order of both trials and blocks was random. Each block was followed by a short pause.
Participants had to decide whether or not the letter string was a word. They had to press the yes-key for words and the no-key for nonwords. They were instructed to respond as fast and accurately as possible. A serial response box collected the participants' responses.
The design of the statistical analyses was the same as in Experiment 1. As stated above, half of the participants were fi rst tested on reading aloud (Experiment 1) and half on lexical decision (Experiment 2). There was a minimum interval of 10 days between the two experimental sessions.
Results
Invalid trials accounted for 0.2% of the data points for the dyslexics. There were no missing data for the control participants. Main results are presented in Figure 2a (raw RTs), 2b (z-transformed RTs) and 2c (percentages of errors).
Reaction times
The Mixed Effects Model analysis on z-transformed RTs for HF words showed a main effect of stimulus type, F (1, 50) ϭ 96.46, p Ͻ .0001. The effect of group, F (1, 33) Ͻ 1, p ϭ .71 and the stimulus type by group interaction, F (1, 1468) ϭ 2.47, p ϭ .11 were not signifi cant. The effect of stimulus repetition was not signifi cant, F (1, 106) ϭ 1.16, p ϭ .28.
The analysis of LF words showed a main effect of stimulus type, F (1, 47) ϭ 16.93, p Ͻ .001. The effect of group was not signifi cant, F (1, 32) ϭ 1.19, p ϭ .28. The group by stimulus type interaction was signifi cant, F (1, 1368) ϭ 17.94, p Ͻ .0001: LF words were responded to faster than nonwords by both groups, but the effect was signifi cant for dyslexics (z-score difference: 0.95, p Ͻ .0001) while it fell short of signifi cance in controls (z-score difference: 0.56, p ϭ .08). The effect of stimulus repetition was not signifi cant, F (1, 94) ϭ 2.14, p ϭ .15.
The analysis comparing HF and LF words showed a main effect of frequency, F (1, 25) ϭ 25.09, p Ͻ .0001. The effect of group, F (1, 29) Ͻ 1, p ϭ .43 and the frequency by group interaction, F (1, 1402) Ͻ 1, p ϭ .75 were not signifi cant. The effect of stimulus repetition was not signifi cant, F (1, 108) Ͻ 1, p ϭ .99.
Errors
The Mixed Effects Model on HF words showed a main effect of group (z ϭ Ϫ2.45, p ϭ .01). The effect of stimulus type tended towards signifi cance (z ϭ 1.84, p ϭ .066) as did the group by stimulus-type interaction (z ϭ 1.65, p ϭ .10). The same analysis of LF words showed a main effect of stimulus type (z ϭ Ϫ2.90, p Ͻ .01) with more errors on LF words than nonwords. The group effect was signifi cant (z ϭ Ϫ2.29, p Ͻ .05). The group by stimulus-type interaction was not signifi cant (z ϭ 1.37, p ϭ .17).
The analysis comparing errors on HF and LF words showed a main effect of frequency (z ϭ Ϫ4.09, p Ͻ .0001). The effect of group (z Ͻ 1, p ϭ .83) and the group by frequency interaction (z Ͻ 1, p ϭ .72) were not signifi cant.
Summary of results
With respect to latencies, dyslexics showed a larger difference between words and nonwords than controls, which was limited to the comparison of LF words. As for accuracy, both groups made more errors in judging LF words than corresponding nonwords.
Experiment 3: Frequency and length effects in reading aloud
In Experiment 3, length and frequency were manipulated in an orthogonal design to systematically investigate the effects of these variables in word reading aloud. This design allowed specifi c examination of frequency effects on various word lengths (fourϪseven letters).
Word frequency and length were expected to affect the reading of skilled readers, with a possibly greater length effect for LF than HF words because LF words are less familiar and more likely than HF words to be processed sub-lexically (Coltheart et al., 2001) . If dyslexics over-rely on nonlexical processing, as previous research suggests, they should be affected by length, irrespective of word frequency.
Method
Materials
A list of HF and LF words was used. Frequency was based on child-printed frequency counts (Marconi, Ott, Pesenti, Ratti & Tavella, 1993) . The two frequency conditions (HF and LF words) were varied orthogonally with four length conditions: four-, fi ve-, six-and seven-letter words. There were 15 words per condition (a total of 120 words). All words were regularly stressed and morphologically simple (no compound words or derivational affi xes were included). An attempt was made to select words different from those in the set used in Experiments 1 and 2. However, some overlap (c. 30%) was necessary to counterbalance all critical psycholinguistic factors (see below). This was another reason why we covaried stimulus repetition in the statistical analyses.
The 4 length ϫ 2 frequency conditions were matched for bigram frequency. Initial phonemes in the four sets were matched for the voiced versus voiceless features and manner of articulation. Word familiarity, that is, estimated frequency of occurrence of the word in daily life, and age of acquisition (Juhasz, 2005) were matched across different lengths within the two sets (HF set-LF set). N-size was matched between corresponding length sets in the HF and LF conditions (i.e. four-letter HF words vs four-letter LF words, fi veletter HF words vs fi ve-letter LF words, and so on). Orthographic complexity (i.e. the number of letters c and g, which require complex grapheme-to-phoneme conversion rules because their pronunciation depends on the following letters; see Burani et al., 2006) was also matched between corresponding length sets in the HF and LF conditions. Age of acquisition was controlled so as not to exceed mean participants' age (11.7 years). Materials were selected from the LEXVAR database (Barca et al., 2002 ) (see Table 3 for descriptive statistics on the characteristics of the words).
Procedure
The general procedure was the same as that in Experiment 1. The 120 words were presented in fi ve blocks of 24 words each. The presentation order of the blocks, as well as the order of the stimuli within each block, was fully randomised in each experimental session. There was a short pause after each block. Prior to the fi rst block, a practice block was administered; it consisted of 10 words different from the experimental items, but with the same characteristics.
Testing started at least 10 days after completion of the fi rst two experiments. There was also an interval of at least 10 days between the two experimental sessions (Experiment 3 and 4) that shared part of the experimental items. Half of the participants were fi rst administered reading aloud, and half lexical decision.
The general design of the statistical analyses was similar to that described for Experiment 1. Participants and items were crossed independent random effects. Fixed effects were group (dyslexics vs controls), frequency (high vs low) and length (four, fi ve, six and seven letters). To control for the effect of repetition, number of stimulus presentations was entered as a covariate. Notes: HF ϭ high-frequency words; LF ϭ low-frequency words.
Printed word frequency corresponds to child frequency counts of 1.000.000 occurrences. Bigram frequency values are log transformed (natural logarithm). Age of acquisition and familiarity are on a seven-point scale.
All measures were taken from the LEXVAR database (Barca et al., 2002) , available at http://www.istc.cnr.it/ material/database.
Results
Invalid trials accounted for 2.8% of the data points for controls and 4.2% for dyslexics. Main results are presented in Figure 3a (raw RTs), 3b (z values) and 3c (percentages of errors). 
Reaction times
The 
Errors
The Mixed Effect Model showed no effect of group (z ϭ 0.15, p ϭ .88), frequency (z ϭ 0.44, p ϭ .65) or length (z ϭ Ϫ0.12, p ϭ .89). All interactions were nonsignifi cant (all zs Ͻ 1).
Summary of results
The results on RTs showed that dyslexics were more sensitive to stimulus length than controls, confi rming previous fi ndings Zoccolotti et al., 2005) . The group by length interaction detected in the z-scores analysis indicated that the great infl uence of length in dyslexics cannot be explained in terms of an over-additive effect, that is, it is not due to the generally slower performance of dyslexics. The effect of frequency reported in Experiment 1 was confi rmed. Again, this effect was similar in the two groups of children (as indicated by the lack of interaction with the group factor). Notably, all interactions involving length and frequency were not signifi cant. No effect was detected for accuracy.
Experiment 4: Frequency and length effects in lexical decision
Experiment 4 investigated word frequency and length in lexical decision. Word frequency has been reported to affect decision time in Italian skilled readers , but this is the fi rst study in which it was investigated in dyslexic readers (see also Experiment 2). Length has been reported to affect decision times in both skilled ) and dyslexic readers . Similarly, the effect of length in lexical decision has been reported (only) for dyslexic readers of both deep, such as French (Bosse, Tainturier & Valdois, 2007; Juphard et al., 2004) and shallow scripts, such as Dutch (Martens & de Jong, 2006) .
Method
Materials
A list of 120 nonwords was added to the word list used for the reading aloud task (Experiment 3). The nonwords were derived from the words by changing one or two letters. They were matched with the words for length in letters and bigram frequency. The nonwords were excluded from the analyses (and the computation of z-scores across the four experiments).
Procedure
The general procedure was the same as that in Experiment 2. The 240 experimental items were presented in eight blocks of 30 trials each. Each block consisted of 15 words and 15 nonwords. Presentation order within and among blocks was fully randomised. Each experimental block was followed by a short pause. There was a short practice session of 10 trials consisting of fi ve words (other than the experimental items, but with the same characteristics) and fi ve nonwords derived from the words.
As stated above, half of the participants were fi rst administered lexical decision (Experiment 4), and half reading aloud (Experiment 3). Overall, the testing in the four experiments took approximately 45 days. The general design of the statistical analyses was similar to that described for Experiment 1. Participants and items were crossed independent random effects. Fixed effects were group (dyslexics vs controls), frequency (high vs low) and length (four, fi ve, six and seven letters). To control for the effect of repetition, number of stimulus presentations was entered as a covariate.
Results
Invalid trials accounted for 0.2% of the data points for the dyslexic group (there were no missing data for the controls). Main results are presented in Figure 4a (raw RTs), 4b (z scores) and 4c (percentages of errors).
Reaction times
The Mixed Effects Model analysis showed main effects of frequency, F (1, 107) ϭ 51.15, p Ͻ .0001 and length, F (3, 109) ϭ 4.08, p Ͻ .01. The effect of group was not signifi cant, F (1, 32) Ͻ 1, p ϭ .86. The interaction between group and length was signifi cant, F (3, 3582) ϭ 7.08, p ϭ .0001: controls were not affected by length. Dyslexics showed signifi cant differences in the comparisons between four-and six-/seven-letter words (at least p Ͻ .05) as well as between fi ve-and seven-letter words (p Ͻ .05); on average, there was a 0.16 z-score mean increase per letter. No other interactions were signifi cant. The effect of stimulus repetition was marginally signifi cant, F (1, 1209) ϭ 3.79, p ϭ .051.
Errors
The Mixed Effects Model showed a main effect of frequency (z ϭ Ϫ2.54, p ϭ .011), indicating more errors on LF than HF words. The effect of length fell short of signifi cance (z ϭ 1.83, p ϭ .066): fewer errors on seven-letter words were present compared with the other length conditions. The main effect of group (z ϭ Ϫ0.02, p ϭ .98), and all interactions were nonsignifi cant (all zs Ͻ 1).
Summary of results
Word frequency affected the performance of both groups, indicating similar lexical access for both dyslexics and controls. Dyslexics' decision speed, as opposed to controls, showed great sensitivity to stimulus length, consistently with fi ndings in other languages, such as French (Bosse et al., 2007; Juphard et al., 2004) and Dutch (Martens & de Jong, 2006) . Notably, the length by group interaction was not due to over-additive effects.
Both groups were relatively accurate in deciding on HF words irrespective of stimulus length. The effect of length indicated a tendency (for both groups) to make fewer errors in lexical decision on seven-letter words compared with shorter ones. Longer LF words may be easier to respond to correctly than shorter words, possibly because their orthographic whole-form is more distinct.
Global differences in RTs: a cross-experiment comparison
Based on the framework of the RAM (Faust et al., 1999) , data from all four experiments were analysed to determine whether global components were present that could have contributed to group differences in performance between dyslexic and skilled readers.
The RAM assumes that different individuals have a different rate of information processing and that experimental conditions require a certain amount of information to be processed (i.e. they have a given diffi culty) before a correct response can be produced (Faust et al., 1999) . The ratio of information-processing amount over rate of processing is believed to predict response latencies across a variety of experimental conditions. This ratio identifi es a multiplicative principle, which allows identifying the large-scale infl uences that can be ascribed to global factors, as separate from the small-scale infl uences that indicate the effect of specifi c experimental manipulations. To detect the presence of a global factor, the RAM makes a number of predictions regarding the performances of two groups that differ for general performance across various conditions. The data of the four experiments presented here provide an excellent opportunity to evaluate the potential infl uence of this global factor for two reasons. First, the four experiments were carried out on the same children. Second, we tested the children across experimental conditions varying for type of task (naming aloud, lexical decision) and type of stimulus (words varying for frequency and length and nonwords).
The RAM predicts a linear relationship between the condition means of two groups that vary in overall information-processing rate. To check for this relationship, dyslexics' and controls' condition means were plotted against each other in Figure 5a .
Several observations emerge from the inspection of the graph. First, data points progressively diverge from the diagonal line; therefore, more diffi cult conditions generate generally larger group differences over and above the infl uence of specifi c condition effects (overadditive effect). Second, data points are well fi t by a single regression line that accounts for a very large proportion of variance (R 2 ϭ .94). Note that this relationship holds for a variety of stimulus materials (HF and LF words, nonwords, etc.) as well as different tasks (i.e. reading and lexical decision). The specifi c effects described in the four experiments add to (or detract from) this general baseline. For example, longer stimuli produce generally slower performance in dyslexics even after taking into account this global factor (Experiments 3 and 4). For example, in Experiment 1, the (marginally signifi cant) group effect indicated generally better performances in dyslexics. In Figure 5a , note that the data points of Experiment 1 (open and fi lled circles) generally lie below the regression line, whereas the opposite trend is present for the data points of Experiment 3 (open diamonds). This indicates that naming defi cits are more severe when blocks with only words are presented than when words are intermingled with nonwords. Third, the slope of the regression line (2.55) represents a synthetic marker of the severity of the reading defi cit (see Kail & Salthouse, 1994) ; that is, dyslexics' RTs are on average 2.5 times slower than those of control children (indicating a 150% delay).
Successively, we tested the prediction of a linear relationship between overall group means and SDs across individuals in the same conditions (this prediction refers to the whole group, including both dyslexics and controls). To this aim, in Figure 5b , we plotted the condition means of the total sample against the SDs of the same conditions. Note the general tendency for more diffi cult conditions to be associated with larger variability values. Data points are well fi t by a single regression line that accounts for a very large proportion of variance (R 2 ϭ .93). Finally, note that the relative position of the data points with regard to the regression line is consistent with the results presented in Figure 5a : the data points of Experiment 1 lie below the regression line, indicating that variability tends to be lower than the general prediction when words are intermingled with nonwords; by contrast, data points of Experiment 3 lie predominantly above the regression line, indicating the opposite.
Summary of results and comments
These regression analyses provide strong support for the idea that large-scale infl uences contribute to determining group differences between dyslexics and controls. The mean performance of the group of dyslexics in a set of conditions can be predicted quite accurately by considering the regression parameters of the linear regression of the condition means of the control group. Note that this relationship holds for a variety of stimulus materials (HF and LF words, nonwords, etc.) as well as different tasks (i.e. reading and lexical decision). Also, inter-individual variability across conditions was quite closely related to mean condition performances. This is a systematic deviation from the homogeneity assumption, on which standard analyses of variance (ANOVAs) are based and justifi es our use of the z-score data analyses.
According to Kail and Salthouse (1994) , the slope of the regression provides an effective estimate of individual variation on a global factor and therefore of the degree of the impairment. In the present data, dyslexics were 2.5 times slower than typically developing readers across conditions, that is, they had a rather severe defi cit (c. a 150% delay). Note that reading slowness on the standard reading task (MT Test) was less pronounced; dyslexic children were 1.8 times slower than control children (indicating an 80% delay; see Table 1 ). RTs selectively capture the decoding part of the reading process, whereas the measure of reading time includes both the decoding and articulatory components of reading, with the latter being unimpaired in dyslexic children (e.g. Wimmer, Mayringer & Landerl, 1998) . Therefore, these data are consistent with the idea that the decoding part of the reading process is most affected in dyslexia.
The results suggest that naming defi cits were more severe when the stimulus list contained only words than when words were intermingled with nonwords. In a recent experiment, we systematically manipulated the effect of list context and confi rmed that the dyslexics' reading defi cit was greater when only word stimuli were presented (Paizi, De Luca, Burani & Zoccolotti, 2011) .
Overall, it seems that the general speed of processing words and nonwords is an important parameter in explaining the reading defi cit over and above the effects of specifi c conditions. This fi nding confi rms and extends similar previous observations (Di Zoccolotti et al., 2008) based on a smaller set of experimental conditions. As the global factor accounts for the analysis of both words and nonwords, we tentatively proposed that it could indicate the ability to code the graphemic string; indeed, this would represent an obligatory step in proceeding to lexical-sub-lexical analysis of the word . Recently, we demonstrated that, unlike the case of words and nonwords, tasks requiring the naming or matching of individual letters or syllables did not contribute to the global factor (De Luca, Burani, Paizi, Spinelli & Zoccolotti, 2010) . These fi ndings further support the idea that the processing of the graphemic string underlies the global factor examined here. This proposal shares similarities with that proposed by Marsh and Hillis (2005) based on neuroimaging and lesional data. These authors proposed that creating and holding in memory a graphemic string (called 'graphemic description') is a necessary stage for word recognition. The occipitotemporal areas, which are often called the visual word form area, would constitute the neural substrate for this processing.
General discussion
Overall, the results indicate that the defi cit in Italian developmental dyslexic readers is not specifi c to lexical reading, because lexicality and frequency affect the reading of both typically developing and dyslexic young Italian readers. A single global factor explains a large proportion of the differences in (RTs) performance between dyslexics and controls. A residual (specifi c) length effect survived in dyslexics after taking into account the overadditive effect; that is, it could not be explained by their overall worse performance.
The present study shows for the fi rst time that Italian dyslexic children read both HF and LF words faster than nonwords, consistently with previous fi ndings in adult readers (Pagliuca et al., 2008) . The importance of this fi nding is underscored by the fact that the words presented for reading aloud were mixed with nonwords. In a list in which words are mixed with nonwords, the regularity of Italian transparent orthography should maximally favour use of the nonlexical reading procedure by all children and particularly by dyslexics, who have been hypothesised to over-rely on the nonlexical reading procedure. However, this was not the case here. The lexicality effect of the dyslexics indicates unimpaired access to the orthographic lexicon (see also Ziegler et al., 2008) .
This fi nding is reinforced by the results of a lexical decision task, which was carried out with the same children and the same sets of stimuli. In fact, in both dyslexics and controls decision times were faster for HF and LF words than for nonwords. Dyslexics were generally slow and inaccurate. Their slowness may refl ect diffi culty in processing (visually or orthographically) letter strings as whole units prior to accessing the lexicon.
The word frequency effect on reading times is reported -for the fi rst time -on both short words (in Experiment 1) and long words (in Experiment 3) for both groups. Barca et al. (2006) reported that Italian developmental dyslexics were affected by frequency in reading aloud more than controls, presumably because of an over-additive effect. In the present study, the frequency effect was investigated in a more systematic way, because it was varied orthogonally with length and over-additive effects were controlled for according to the RAM approach (Faust et al., 1999; Zoccolotti et al., 2008) . The effect of frequency on Italian developmental dyslexics' reading aloud (and the absence of an interaction with the group factor) provides strong evidence against a defi cit specifi c to lexical processing. The results on lexical decision in the same set of words and with the same children yielded consistent results. Both dyslexics and controls were affected by frequency and generally made more errors on LF words.
The effect of length, which is thought to be a marker of developmental dyslexia in Italian as well as in other transparent orthographies, such as German (Wimmer, 1993; Ziegler et al., 2003) , was confi rmed very clearly here. Dyslexics, unlike controls, showed great sensitivity to stimulus length in reading aloud and lexical decision, an effect that was not explained by their overall reading slowness. Typically, developing readers show a minor effect of length (which is stronger for LF words) in reading aloud. In the present study, the effect of length was present for LF and HF words in both groups. The length effect on HF word reading is inconsistent with results on opaque scripts and demonstrates that stimulus length only affects the reading of LF words and nonwords (Ans et al., 1998; Ferrand, 2000; Juphard et al., 2004; Weekes, 1997) .
A remarkable difference between the two groups was that dyslexics, but not controls, were affected by word length in lexical decision (Experiment 4). Previous fi ndings on the length effect were inconclusive. Some studies on skilled readers reported length effects in lexical decision Burani et al., 2007; Butler & Hains, 1979; Hudson & Bergman, 1985; New, Ferrand, Pallier & Brysbaert, 2006) , whereas others did not (Balota, Cortese, Sergent-Marshall, Spieler & Yap, 2004; Juphard et al., 2004; Martens & de Jong, 2006) .
For impaired readers, however, length effects in lexical decision have been reported in both opaque, such as French (Bosse et al., 2007; Juphard et al., 2004) , and transparent scripts, such as Dutch (Martens & De Jong, 2006) and Italian . Martens and de Jong (2006) reported length effects in Dutch developmental dyslexics' lexical decision, which they attributed to over-reliance of the dyslexics on the sub-lexical reading procedure. However, their interpretation was based on the length effect only, as other lexical variables, such as word frequency, were not manipulated. Moreover, Di Filippo et al. (2006) found that length affected performance of Italian developmental dyslexics for both words and nonwords in lexical decision, but that the effect was limited to nonwords in typically developing readers. Consistently with the aforementioned study, we found length effects in lexical decision for dyslexics but not controls. Yet, in our study both groups were affected by word frequency. This pattern excludes interpretations of dyslexics' reading in terms of over-reliance on nonlexical processing. It should be noted that the effect of length on decision times of dyslexic readers has been linked to underlying visual-attentional processing defi cits (Ans et al., 1998) . Furthermore, it has been suggested that the visual-attentional disorder may be an independent cognitive disorder that contributes to developmental dyslexia (Bosse et al., 2007; Facoetti et al., 2006 ; but see Hawelka & Wimmer, 2008 for an assessment of purely visual tasks with different results).
The marked length effect in both reading aloud and lexical decision in developmental dyslexics and its coexistence with the frequency effect in our data are diffi cult to explain in terms of surface dyslexia as it has been framed within the standard dual-route framework (e.g. Coltheart et al., 2001 ). The effect of length was found along with the effects of lexicality and frequency in two different tasks (reading aloud and lexical decision) in the same population. Lexicality and frequency effects advocate for lexical access of dyslexics against previous interpretations of a selective defi cit in lexical processing and over-reliance on nonlexical reading (see also Burani, Marcolini, De Luca & Zoccolotti, 2008 for morpholexical effects in developmental dyslexics).
The cross-experiment analysis suggested that a single global factor accounts for a surprisingly large portion of variance in the speed differences between dyslexics and controls across tasks. This factor captures slowness in responding to orthographic stimuli regardless of the lexical value of the stimulus and the type of response and task (i.e. vocal RTs as in naming vs decision times in lexical decision). Consistently with previous work , it is suggested that this global factor marks a level of prelexical graphemic analysis that precedes further lexical or sub-lexical processing. The present data indicate that if the dyslexics' defect in graphemic analysis is taken into consideration, their capacity for lexical activation is similar to that of skilled readers. Indeed, this is contrary to the hypothesis that their reading is primarily nonlexical. VELA ( Pierluigi Zoccolotti is Professor of General Psychology at the Sapienza University in Rome, where he gives courses on perception and on learning disabilities. He is also director of the School of Specialization in Neuropsychology. He has carried out research on various topics in cognitive psychology and neuropsychology, including space orientation, attentional disorders and neglect, and has published many scientifi c articles in international refereed journals. In the last decade, his research interests have been focused on developmental reading and writing defi cits.
